determined and utilized in pairwise sequence comparisons and construction of a gene tree. These analyses suggest that the ospD gene was the target of several recombinational events and that the gene was recently acquired by Lyme disease spirochetes and laterally transferred between species.
Several recent studies have demonstrated that the causative agent of Lyme disease, the Borrelia burgdorferi sensu lato complex (10, 21, 38) , comprises at least three distinct Borrelia species (2, 26, 42) . A revised nomenclature has been proposed (2) , designating these species B. burgdorferi, B. garinii (la), and B. afzelii sp. nov. (11) (previously referred to as group VS461 [2] or group 3 [26] ). Several of the outer surface proteins (Osps) associated with these Lyme disease spirochete (LDS) species, including OspA, OspB (7) , and OspC (19) , have been identified and characterized. Recently a fourth Osp, OspD, has been identified (32) . All have been demonstrated to be lipoproteins (9, 32) . OspA, OspB, and OspC have been the major focus in efforts to develop a Lyme disease vaccine (17, 18, 33) or diagnostic test (39) . As an extension of these efforts, the variability of these proteins among the three LDS species has been intensively studied (22, 28, 34, 42, 43) .
Borreliae are unique among eubacteria in that their genome is organized into a linear chromosome of approximately 960 kb (6, 12, 16, 30, 36) and a series of covalently closed linear and circular plasmids (4, 5) . Interestingly, all of the genes encoding Osps have been mapped to plasmids. OspA and OspB are encoded by genes on linear plasmids of 50, 55, and 56 kb in B. burgdorferi (5) , B. garinii, and B. afzelii, respectively (36) . In contrast, ospC maps to a 26-kb circular plasmid and is the only gene to be mapped to a circular DNA molecule in any Borrelia species (29, 35) . Norris et al. (32) have recently demonstrated that in B. burgdorferi B31, the ospD gene is carried on a 38-kb linear plasmid and that this plasmid can be lost upon prolonged in vitro cultivation. High-passage strain B31, lacking the ospD-encoding plasmid, had lost the ability to infect in animal models. On the basis of these observations, the researchers suggested that OspD may play a role in the establishment of infection or in virulence. If OspD does participate in these processes, then it may be of practical importance with regard to the diagnosis and control of Lyme disease.
In this study, we sought to assess the distribution of the ospD primers and all of the other primers and probes used in this study are listed in Table 2 .
Cloning of the ospD gene. DNA from B. garinii isolate R-IP90 was restricted with HindlIl, and a portion of the material was fractionated in a 0.8% agarose gel. The DNA was transferred by vacuum blotting onto a Hybond-N membrane (Amersham) and probed with the F3R3 probe. The size of the ospD-carrying fragment was determined by Southern blotting, and the appropriate-size fragment was eluted from a second low-melting-point agarose gel with the Magic mini-prep kit (Promega). The isolated fragment was then ligated into the HindIlI site of the pBluescript II-SK(+) vector (Stratagene) by standard methods. Recombinants were screened for the ospD gene by colony lifts with the F3R3 probe.
PCR amplification and sequence analysis of the ospD gene.
The F3R3 probe used in the Southern blots was generated by PCR amplification of the ospD gene from 30 ng of B. burgdorferi B31 DNA with the F3-R3 primer set (50 pmol). After 25 rounds of amplification under cycle conditions of 95°C for 30 s, 50°C for 20 s, and 72°C for 45 s, 1 ,ul of the reaction (1%) was withdrawn and used as the template in a second reaction with the same conditions. The reactions and buffers used were as described above. This was done to ensure that the amount of contaminating template DNA would be minimal in the final probe preparation. The amplification product was precipitated from the PCR by incubation for 10 min at room temperature in 1 M NH4-acetate and 50% isopropanol, followed by centrifugation in a microcentrifuge at full speed. The pellet was dried and resuspended in H20 to the desired concentration.
ospD sequencing templates from B. burgdorferi isolates were generated with the Fl-Ri primer set. This primer pair amplifies the entire coding sequence and approximately 250 nucleotides upstream of the translational start codon. The sequence of the ospD gene from B. garinii isolate R-IP90 was determined by sequencing of the insert with primers targeting the flanking region of the multiple cloning site. On the basis of the sequence determined, additional PCR primers were made which were used to amplify the ospD gene in both B. garinii and B. afzelii isolates. The ospD gene amplification products were sequenced with the double-stranded DNA cycle sequencing system (Gibco-BRL).
Sequences were aligned by using a variety of programs, including the PCGENE package and the ALIGN-PLUS package. Some manual refinement of the alignments was performed. Dendrograms were constructed by using the CLUSTAL program contained in the PCGENE package. Gene trees were constructed by using masked sequences and the PHYLIP software package (15 (27) and/or by restriction fragment length polymorphism (RFLP) pattern analysis of the rRNAencoding genes as previously described (25) (data not shown). The primer sequences are presented in Table 2 . In all cases, the 16S rRNA-encoding gene of each isolate was amplified by only one of the species-specific primer sets. The species assignments inferred from rRNA-encoding gene RFLP pattern analyses were consistent with those obtained via PCR analysis and are in agreement with those reported by others (2) . The species identities of all of the isolates tested are listed in Table   1 .
Distribution of the ospD gene among Lyme disease isolates.
All isolates were initially screened for the presence of the ospD gene by PCR amplification with the F3-R3 primer set. The sequences of these primers, as well as those of all additional primers and oligonucleotide probes used in this study, are listed in each of the three LDS species. The results obtained via PCR were verified by Southern blotting with a PCR-generated ospD probe obtained with the F3-R3 primer set ( Fig. 1) . Results concerning the distribution of the gene among isolates are summarized in Table 1 . While members of each of the three LDS species possess the gene, not all isolates were found to carry it. The percentage of isolates tested that were found to carry the gene varied depending on the species. We found that 90% of the B. garinii, 50% of the B. afzelii, and 24% of the B. burgdorferi isolates studied carry the gene. The G test of independence showed these differences to be significant (P < 0.005). The gene was also detected in one of two B. japonica sp. nov. isolates. From a geographic viewpoint, the ospD gene was found in 66% of European-Asian isolates and in 25% of North American isolates. The ospD gene was not detected in B. hermsii, B. ansenina, B. coriaceae, B. turicatae, or B. parkeri.
The size of the plasmid carrying the ospD gene in B. garinii and B. afzelii isolates was determined by transverse alternatingfield gel electrophoresis and subsequent Southern blotting, by probing with various ospD-derived PCR probes. Consistent with that originally described by Norris et al. (32) for B. burgdorferi isolate B31, the gene was found to reside on a linear plasmid of approximately 38 kb. However, in other isolates, the size of the plasmid carrying the gene ranged from about 36 to 40 kb (Fig. 1) .
RFLPs in the ospD gene. The RFLP patterns for the ospD gene in HindIII-restricted DNA were found to be variable, even among isolates of a given species (Fig. 2) . In some cases, isolates of different species (i.e., B. garinii R-IP90 and B. afrelii UO1) had identical RFLP patterns. Hence, in contrast to those observed for the 16S and 23S rRNA (2, 25) , fla, HSP, and OspAB (40) genes, the RFLP patterns of the ospD gene do not allow differentiation of the LDS species.
Cloning and sequence analysis of the ospD gene. To generate ospD sequencing templates, a series of primer sets based upon the B. burgdorferi B31 ospD gene sequence were designed (32) . All primer sets tested were effective for amplifying the ospD gene from all B. burgdorferi isolates that carry the gene.
The Fl-Ri set generated a PCR product of approximately 1,071 nucleotides which allowed determination of the entire ospD gene sequence from B. burgdorferi isolates. However, by using several different primer sets, we were unable to amplify To sequence the upstream and downstream regions of the gene from all isolates, we cloned the ospD gene from a representative B. garnii isolate, R-IP90. Upon screening of potential recombinant ospD-carrying plasmids, a single positive was identified. This plasmid was designated pBSD. The plasmid was found to contain an insert of approximately 2,600 bp. The terminal ends of the insert were sequenced by using primers which flanked the polylinker region of the parental plasmid. Homology with the 5' upstream region of the B. burgdorferi B31 ospD sequence was found approximately 100 bases into the insert. On the basis of the sequence obtained from the insert, we then generated primers which were found to be effective for amplification of the ospD genes from B. afzelii and other B. garinii isolates. These primers were used to obtain PCR-generated sequencing templates. The ospD coding sequences are aligned in Fig. 3 . Specific features of the sequences are discussed in more detail below.
Polymorphisms in the ospD gene. Initial sequencing results demonstrated that differing numbers of a 17-bp repeat element occur 5' of the coding sequence. Norris et al. (32) had demonstrated that in the B. burgdorferi B31 ospD gene, 7 of these 17-bp repeat elements were present. To assess the number of these tandem repeats among isolates, the upstream region of the gene was subjected to PCR amplification with the SK2-R8 primer set for B. ganinii and B. afzelii isolates (Fig. 4 (Fig. 6) . Alignment of this region is particularly difficult because of the presence of these polymorphisms. Several potential alignments are possible, depending upon whether sequence similarity is maximized or gaps are minimized. The rationale for the alignment in Fig. 6 is that the variation in this region likely resulted from recombinational events. Hence, the alignment presented minimizes disruption of the repeat elements. -----. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -- atataattgatattgaaatataattgatattaaaatataa.
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Pairwise sequence comparisons and dendrogram construction. The percent sequence similarities of the ospD coding sequences were determined by distance matrix analyses by using masked sequences (i.e., aligned sequences from which gaps and their corresponding positions in sequences lacking gaps are removed). Since the region around nucleotide 550 could not be unambiguously aligned, this region was omitted from the analysis. The coding sequence was highly conserved among B. burgdorferi isolates (ranging from 99.4 to 100%), while it was less conserved in B. garinii (95.4 to 98.8%) and B. afzelii (96.7 to 97.3%). As discussed above, several different alignments for this region are possible. Depending upon the alignment parameters used, the overall similarity values can be increased by an additional 1.5%. This, however, comes at the cost of increasing gap size and number. Presented in Table 3 are the similarity values obtained when pairwise comparisons of the amino acid sequences were performed by using the PALIGN program in the PCGENE package.
The complete deduced amino acid sequences were aligned, and they are presented in Fig. 7 
********* * ****** ********* **** * * * ***** **** ***** ***** * ** * ********** AWKATVEAKDKLIDVENTVKETLDKIKTETTNNTKLADIKEAAELVLQIAKNAKEIVQEVVALLNT ****** *** ****** *** ******** ***** ** * ***** **** ** **** *** A correlation between the number of times an isolate had been passed in vitro or between the origin of an isolate, i.e., human versus tick, and the presence or absence of the ospD gene was not observed.
The distribution of the ospD gene differs markedly from that observed for OspA, OspB, and OspC. The ospAB operon, which is carried on linear plasmids ranging in size from 50 to 56 kb (5, 36) , has been found to be universal among LDS isolates. Some exceptions, however, have been reported, such as in B. garinii isolate VS102, which has a deleted ospB gene (28) , and in several cloned B. burgdorferi variants with various recombined ospAB operons (34 (35) . In contrast to other osp genes, the ospC gene is carried on a 26-kb circular plasmid (29, 35) . While expression of the ospC gene is variable, the gene has been found to be universal among LDS isolates (29) . It is difficult to conclude on the basis of the collection of isolates analyzed in this study whether the distribution of the ospD gene is influenced by geography or by selective pressures unique to a given species.
Norris et al. (32) (34) . Recombinant forms of the ospAB operon were detected by screening of individual colonies. Since these recombined forms have not been identified as stable populations in nature, it is unclear if organisms with recombined ospAB operons can be maintained and transmitted in a natural setting or whether they arise only upon in vitro cultivation and selection. ospD recombination differs in this respect in that the recombined forms represent major proportions of the culture population in many low-passage isolates. This is not surprising in view of the distribution results outlined above, which suggest that ospD is not essential for survival either in vivo or in vitro and hence there would be little apparent selective pressure to maintain the ancestral form of the gene.
A second region subjected to apparent recombination occurs within the coding sequence in the area of nucleotide position 550 (numbering is in reference to that in Fig. 3 All gene trees constructed from 16S rRNA (25) (26) (27) , ospA (13, 40) , ospC (39, 43) , p93, and flagellin gene sequences (13) indicate that Lyme disease-causing spirochetes are divided into three distinct phyletic groups. These findings are consistent with phylogenies inferred from arbitrarily primed PCR (41) , DNA-DNA hybridization (2), 16S rRNA signature nucleotide analysis (1, 26, 27) , fatty acid profiles (24) , and multilocus enzyme electrophoresis (8) . However, the gene tree constructed from the ospD sequences resolved only two clusters, which is inconsistent with the studies outlined above. (13) have argued that lateral transfer of DNA between LDS isolates is rare. This conclusion was based upon analysis of the ospA (located on a linear plasmid), p93 and fla (located on the linear chromosome) genes. However, it is possible that certain genetic elements, such as the ospDcarrying plasmid, are transferred more readily than others. It is unclear why transfer of the ospD gene or ospD-encoding plasmid would occur more readily than that of the ospABencoding plasmid. It has been widely noted that LDS isolates seldom have identical plasmid profiles, even in a given isolate which has been extensively passed in vitro (37) . It is possible that recombination and plasmid transfer play a role in generating highly variable plasmid profiles. One alternative explanation for the high level of ospD coding sequence conservation, the variable distribution among isolates, and the apparently high degree of recombination is that the ospD gene is carried on or has been introduced into LDS isolates by a phage. Phages have been observed in some LDS isolates by electron microscopy (20, 31 
